The antibacterial efficacy of the tetracycline antibiotics has been greatly reduced by the 10 development of resistance, hence a decline in their clinical use as antibiotics. The hok/sok 11 locus is a type I toxin/antitoxin plasmid stability element, often associated with multi-drug 12 resistance plasmids, especially ESBL-encoding plasmids. It enhances host cell survivability 13 and pathogenicity in stressful growth conditions, and particularly increases bacterial 14 tolerance to β-lactam antibiotics. The hok/sok locus forms dsRNA by RNA:RNA interactions 15 of the toxin and antitoxin, and doxycycline has been reported to bind and inhibit dsRNA 16 cleavage/processing. This study investigated the antibacterial efficacy of doxycycline in 17 hok/sok host bacteria cells, the effect on hok/sok-induced growth changes and the potential 18 mechanism of the observed changes. Different strains of E. coli with growth characteristics 19 affected by the hok/sok locus were transformed with hok/sok plasmids, and assessed for 20 doxycycline susceptibility and growth changes. The results show that the hok/sok locus 21 increases bacterial susceptibility to doxycycline, especially in strains with more pronounced 22 hok/sok growth effects. The increased doxycycline susceptibility occurs despite β-lactam 23 resistance imparted by hok/sok. Doxycycline was found to induce bacterial death in a 24 manner phenotypically characteristic of Hok toxin expression, suggesting that it inhibits the 25 2 toxin/antitoxin dsRNA degradation, leading to Hok toxin expression and cell death. In this 26 way, doxycycline could be used to counteract the multi-drug resistance plasmid 27 maintenance/propagation and pathogenicity mechanisms associated with the hok/sok 28 locus. This has great potentials in the global war to contain the rise in antimicrobial 29 resistance. 30
Introduction
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Many cellular RNAs play a regulatory role, and the secondary structures that are important 35 to their biological activities are formed through folding and formation of double-stranded 36 regions (dsRNA). Antisense RNAs are examples of regulatory RNAs, which appear to act 37 mainly by down-regulating gene expression post-transcriptionally following the formation of 38 dsRNA with their target messenger (sense) RNAs. By forming a duplex with the mRNA of the 39 regulated gene via base-pairing interactions, the dsRNA regions may block ribosome 40 recognition of the mRNA or lead to recognition and cleavage by double-stranded 41 ribonucleases [1, 2] . In bacteria, many antisense RNAs are encoded on plasmids, and are 42 often involved in regulation of plasmid replication and copy number control [3] . Many 43 plasmid and chromosomally-encoded antisense RNAs in bacteria are known to act as type I 44 antitoxins by down-regulating the expression of toxic proteins [4] [5] [6] . In addition, some of 45 these antisense RNA antitoxins are known to regulate the expression of toxins associated 46 with stress response [4] . 3 A well-established example of cis-encoded regulatory antisense RNA in bacteria is the Sok 48 (suppression of killing) antitoxin commonly found in E. coli. The Sok antisense RNA regulates 49 the expression of the hok (host killing) mRNA by binding to the hok mRNA and initiating 50 RNAse III decay of the duplex, thereby inhibiting the translation of the hok transcript [7, 8] . 51 Sok RNA is more labile and easily degraded (half-life of about 30s) than the stable hok mRNA 52 (half-life of hours), which persists for much longer within new daughter cells following cell 53 division [9] [10] [11] . In daughter cells containing the plasmid, the continued rapid transcription 54 of Sok antisense RNA from its strong promoter ensures inhibition of hok expression. In cells 55 that lose the plasmid during division, the acquired Sok RNA are more rapidly degraded than 56 the hok mRNA, thus releasing the stable hok mRNA for translation, leading to subsequent 57 cell death by the toxin produced (Fig 1) . The toxin causes damage to the cell membrane that 58 appears as the characteristic morphology referred to as 'ghost cell' [11] [12] [13] [14] . This ensures 59 that all surviving daughter cells inherit the plasmid, as those that did not receive the plasmid 60 at replication are quickly killed by the Hok toxin [15] . Additionally, the hok/sok locus has 61 been found to enhance bacterial stress response and improve growth in growth-limiting 62 conditions such as high temperature, low cell density and antibiotic treatment [16] .The R1 63 plasmid in which the hok/sok locus was originally discovered carries several genes that 64 encode resistance traits, and in this way is able to impart multi-drug antibiotic resistance 65 (ampicillin, chloramphenicol, kanamycin, streptomycin and sulphonamides) to its host 66 bacteria [17] [18] [19] . Subsequently, the hok/sok locus has been found in many plasmids that 67 encode extended spectrum beta-lactamases, especially CTX-M ESBLs [20] , as well as in the 68 chromosomes of some enterobacteria [21] . In E. coli, the chromosomally-encoded hok/sok 69 loci are more abundant in pathogenic strains [22] . In laboratory strains (K-12), some 70 chromosomal loci appear to be inactivated by insertion elements located close to the toxin 71 reading frames, which are absent in wild type cells [4] . Unlike the plasmid-encoded locus, 72 the chromosomally-encoded hok/sok loci do not mediate plasmid stabilization, and their 73 hok toxin mRNAs are poorly translated in vitro [21] . Hence, it has been suggested that 74 translational activation may require induction by unknown signals in living cells. 75 Doxycycline has been shown to bind dsRNAs and inhibit their cleavage by RNAse III [23] . It 76 has also been shown to inhibit pre-rRNA processing and the formation of mature rRNA in E. 77 coli; a pathway primarily dependent on RNAse III cleavage [24] . Hence, we hypothesize that 78 doxycycline could inhibit RNAse III degradation of the hok/sok toxin/antitoxin dsRNA 79 complex, leading to the release of the hok mRNA for translation as the labile Sok RNA 80 disintegrates, and consequent cell death. Given that the hok/sok locus is often associated 81 with antibiotic resistance genes and propagation mechanism, this study investigated the 82 effect of doxycycline on hok/sok host bacteria survivability and associated antibiotic 83 resistance mechanism. In the case of plasmid loss (e.g. following cell division), Sok RNA is rapidly degraded, 90 releasing the hok mRNA for translation. The Hok toxin released produces 'ghost cell' 91 morphology and cell death. Top 10 strains in which both plasmids are very stable without antibiotic selection, disk 147 diffusion antibiotic susceptibility tests were done with doxycycline disks on Lb agar plates. 148 The results showed that the zone of inhibition is increased in cells containing the hok/sok 149 locus when compared to the hok/sokcells (Figure 2A ), indicating that the hok/sok + cells are 150 more susceptible to doxycycline. To confirm this observed increase in susceptibility of the 151 hok/sok + cells and determine the extent to which the hok/sok locus affects doxycycline 152 susceptibility, antibiotic susceptibility assay was also carried out in broth media using 96 153 well plates. The results also showed that the hok/sok + cells were more susceptible to 154 doxycycline than the hok/sokcells. Lower amount of doxycycline was needed to inhibit 155 culture growth in cells containing the hok/sok locus than in those that do not contain the 
Effect of the hok/sok locus on doxycycline susceptibility of SOS-
171 negative E. coli strain 172 It has been established that the hok/sok locus acts as a stress response element in bacteria, 173 and can functionally complement defective SOS response. Hence, we also explored the 174 effect of the hok/sok locus on doxycycline susceptibility of an E. coli strain that is SOS-175 defective. This strain is ordinarily unable to withstand stressful growth conditions such as 176 high temperature and antibiotic treatment, hence very limited growth in such conditions. 177 However, with the hok/sok locus, it grows unrestricted in stressful growth conditions. 178 Doxycycline susceptibility tests showed that the hok/sok + cells were not only more 179 susceptible, but the increase in susceptibility of the hok/sok + cells to doxycycline is much 180 more pronounced in this strain than in the lab strain ( Figure 3 ). Whereas 1µM doxycycline 181 did not inhibit the growth of hok/sokby half, the growth of the hok/sok + was completely 182 inhibited at the same drug concentration. This is quite the opposite of what was previously 183 observed with some other antibiotics such as ampicillin and amoxicillin, in which case the 184 hok/sokcells were more susceptible [16] . This suggests that the more pronounced the 185 growth enhancing effects of the hok/sok locus in a strain is, the more it increases its 186 susceptibility to doxycycline. In other words, the more operative/effective the hok/sok locus 187 is at enhancing bacterial stress response and survivability, the more it increases the host cell 
Effect of the hok/sok associated β-lactam resistance on doxycycline
200 susceptibility. 201 The hok/sok locus has also been shown to increase host cell tolerance/resistance to the β-202 lactam antibiotics (specifically ampicillin and amoxicillin), and this is more apparent in the 203 SOS-deficient strain (SS996). Hence, we also explored the effect of this hok/sok-associated 204 β-lactam resistance on the susceptibility of the cells to doxycycline. In Top 10 strain, the 205 results showed that the hok/sok + cells were still more susceptible to doxycycline than the 206 hok/sokcells even in the presence of ampicillin (Figure 4) . When the growth of the cells was 207 compared in LB and LB amp media, there was no difference in the growth pattern and 208 doxycycline susceptibility of the cells (D). This indicates that doxycycline susceptibility of the 209 cells is not affected by the presence of ampicillin in the media (and the associated 210 resistance), suggesting that the increase in doxycycline susceptibility in hok/sok + cells occurs 211 via a mechanism that is not antagonistic to the mechanism of ampicillin resistance. 238 MIC determination for doxycycline also showed that lower amounts of doxycycline are 239 required to completely inhibit the growth of cells containing the hok/sok than those that do 240 not contain the hok/sok locus (Table 2) . In order to substantiate that the observed increase in doxycycline susceptibility is brought 245 about by the hok/sok locus, we also tested the susceptibility of cells containing two other 246 hok/sok plasmids (pCCB2 and pCCB3) and their control cells (plAU80 and pHNZ) to 247 doxycycline. The results still showed increased susceptibility of the hok/sok + cells to 248 doxycycline ( Figures 6 and 7) . This further asserts that the hok/sok locus enhances host cell 249 susceptibility to doxycycline. 260 The hok/sok toxin/antitoxin system induces host cell death via a post-segregational killing 261 mechanism that is associated with a characteristic cell morphology known as "ghost cells" 
MIC of doxycycline in hok/sok host cells
Effect of doxycycline on the morphology of hok/sok host cells
277
Double arrows indicate cells that appear denser at the poles than the middle ("ghost" cells), 278 which are morphological changes associated with Hok toxin activity, compared to normal 279 cells (indicated by single arrow Considering the fact that the antibiotic usefulness of the tetracyclines has been greatly 308 limited due to the development of resistance, it is particularly interesting to observe that it 309 could be useful for killing cells that are multidrug resistant when associated with the 310 hok/sok locus. When the doxycycline susceptibility of the hok/sok host cells was compared 311 in media with and without ampicillin, there was no difference in the growth pattern of the 312 cells. This indicates that the hok/sok locus renders bacteria more susceptible to doxycycline 313 irrespective of resistance to other antibiotics, suggesting that the hok/sok-associated 314 increase in doxycycline susceptibility occurs via a mechanism that is not antagonistic to the 315 mechanism of ampicillin resistance. Hence, doxycycline may be a more effective therapy 
